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ABSTRACT
We present the results of high spatial resolution HCO+(1 − 0) and HCN(1 − 0) observations of N 55 south region
(N 55-S) in the Large Magellanic Cloud (LMC), obtained with the Atacama Large Millimeter/submillimeter Array
(ALMA). N 55-S is a relatively less extreme star-forming region of the LMC characterized by a low radiation field. We
carried out a detailed analysis of the molecular emission to investigate the relation between dense molecular clumps and
star formation in the quiescent environment of N 55-S. We detect ten molecular clumps with significant HCO+(1− 0)
emission and eight with significant HCN(1− 0) emission, and estimate the molecular clump masses by virial and local
thermodynamic equilibrium analysis. All identified young stellar objects (YSOs) in the N55-S are found to be near
the HCO+ and HCN emission peaks showing the association of these clumps with recent star formation activity. The
molecular clumps that have associated YSOs show relatively larger linewidths and masses than those without YSOs.
We compare the clump properties of the N55-S with those of other giant molecular clouds (GMCs) in the LMC and
find that N 55-S clumps possess similar size but relatively lower linewidth and larger HCN/HCO+(1−0) flux ratio.
These results can be attributed to the low radiation field in N55-S resulted by relatively low star formation activity
compared to other active star-forming regions like 30Doradus-10 and N159. The dense gas fraction of N 55-S is ∼
0.025, lower compared to other GMCs of the LMC supporting the low star formation efficiency of this region.
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1. INTRODUCTION
Massive stars form as clusters in the densest clumps
of Giant Molecular Clouds (GMCs). These clumps
are self-gravitating parsec sized structures that collapse
and fragment into dense cores to form high-mass stars
(Williams et al. 2000). The physical processes that de-
termine the fragmentation of GMCs to clumps and cores
depend on the star formation history, cooling due to the
build-up of metals and feedback from massive stars. Dif-
ferent star-forming environments can change the proper-
ties of GMCs and its sub-structure. Thus it is important
to look at the GMCs and their sub-structure in differ-
ent feedback environments to study star formation in
galaxies.
Star formation studies on galaxy wide scale exist for
the Milky Way (Kennicutt & Evans 2012). However,
studying star formation in other galaxies is limited
due to the lack of high-resolution instruments that can
resolve the dense molecular clumps of GMCs. Such
studies can be done in the Large Magellanic Cloud
(LMC) due to its proximity. At a distance of 49.59 kpc
(Pietrzyn´ski et al. 2019), high spatial resolution ob-
servations of molecular clouds at sub-parsec scale can
be obtained. Several massive star forming GMCs of
the LMC has been studied extensively. These in-
clude 30-Doradus (Nayak et al. 2016; Indebetouw et al.
2020), N 159 (Nayak et al. 2018; Fukui et al. 2015;
Chen et al. 2010), N 44 (Chen et al. 2009, 2010), N 113
(Wong et al. 2006; Carlson et al. 2012) and N105
(Ambrocio-Cruz et al. 1998; Carlson et al. 2012). The
presence of stellar cluster R136 and numerous OB stars
makes 30-Doradus the most extreme star forming GMC
of the LMC (Nayak et al. 2016; Hughes et al. 2010;
Pineda et al. 2009). N 159 is also a region of intense
radiation field ∼ 156χ0 (χ0 = 2.7×10−3 erg s−1 cm−2;
Draine 1978), high turbulence and shocks (Nayak et al.
2018; Fukui et al. 2015). With only 11 identified OB
stars (Olsen et al. 2001) and a radiation field of 18χ0
(Pineda et al. 2009), N 55 is an example of quiescent
star forming environment of the LMC.
N55 is a star forming region of size ∼ 60×100 pc2
located in the super-giant shell LMC4 (see Fig 1;
Yamaguchi et al. 2001). While the bulk of LMC4
is empty of ionized gas, N 55 stands out as a bright
H ii region in the Hα map (Olsen et al. 2001). The
Spitzer observations of N 55 show filamentary distribu-
tion of Polycyclic Aromatic Hydrocarbon (PAH; Fig 1;
Naslim et al. 2018). A total of 16 YSOs has been iden-
tified in the N 55 from Spitzer photometric observations
indicating on-going star formation (Gruendl, & Chu
2009; Seale et al. 2014). Naslim et al. (2015) detected
the H2 rotational transitions at 28.2 and 17.1µm in the
N 55 main molecular cloud complex with the infrared
spectrograph onboard Spitzer space telescope. Their
studies shows a tight correlation of H2 surface bright-
ness with the PAH and total infrared emission indicating
photoelectric heating caused by UV radiation from mas-
sive stars. The 12CO(1−0) and 13CO(1−0) observations
of N 55 reveals the clumpy nature of molecular gas with
a total mass of ∼ 5.4 × 104 M⊙ (Naslim et al. 2018).
CO isotopes probe molecular gas from relatively low-
density regions (∼102 cm−3) whereas HCO+(1−0) and
HCN(1−0) trace dense molecular clumps due to their
high critical densities (∼104−5 cm−3). In this paper, we
present the HCO+(1−0) and HCN(1−0) observations
of the main molecular complex towards the south of the
N 55 (here onwards N 55-S; see Fig 1) with the Atacama
Large Millimeter/submillimeter Array (ALMA). This is
first time HCO+ and HCN emission are observed to-
ward N55. Our study aims to investigate the physical
properties such as size, linewidth, mass, and dense gas
fraction of the dense molecular clumps in a relatively
quiescent region in the LMC. Seale et al. (2012) stud-
ied molecular clumps of different star-forming GMCs
of the LMC (N159, N 105A, N 44, and N113) using
the same dense gas tracers. A similar study was car-
ried out by Anderson et al. (2014) in the 30Doradus-
10. Our work extends this sample including N55-S with
a goal to explore how different star formation environ-
ments affect the properties of dense molecular clumps.
We compare the physical properties and scaling relation
of the dense molecular clumps of the N 55-S with other
extreme star-forming environments, mainly 30-Doradus
(Anderson et al. 2014) and N159 (Seale et al. 2012).
The paper is organized as follows. We describe the
ALMA observations and data analysis in §2 and present
the regions of molecular emission in §3. The clump iden-
tification and physical properties of each clump are pre-
sented in §4. In §5, we inspect the spatial extent of dense
gas tracers and CO isotopes to understand the density
structure of the molecular cloud. We discuss the spa-
tial coincidence of young stellar objects (YSOs) with
the dense gas tracers and interpret the results in light
of ongoing star formation in §6. Finally, We compare
the properties of the molecular clumps of the N55 cloud
with other GMCs of the LMC in §7. We summarize our
results in §8.
2. ALMA OBSERVATIONS
The ALMA observations of N 55 main molecular
complex were carried out in cycle 3 (project code
2013.1.00993.S) on 19 January 2015. The observations
were done with the ALMA 12 m array in the band
3 in two frequency settings covering the HCN(1 − 0)
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and HCO+(1 − 0) lines at rest frequencies 88.6318 and
89.1885 GHz, respectively. The field of view of the ob-
servation is ∼ 3.5 × 2 arcmin2, centered at RA, Dec
(J2000): 05:32:31.50; −66:26:22.5 covering ∼ 50 x 29
pc2 in linear scale. Our observation is towards the
southern region of N 55 (N 55-S) that covers the main
molecular complex of N 55 and does not cover the en-
tire N 55. The observations were carried out for a total
integration time of 796 seconds. The correlator was set
to have a bandwidth of 117.187 MHz split into 1920
channels in each spectral window. This corresponds to
a native spectral resolution of 61 kHz (0.2 km s−1). We
binned the channels to a resolution of 0.4 km s−1 for the
analysis.
The data were reduced using common astronomy
software application (CASA; McMullin et al. 2007)
package. Uranus was used as the flux calibrator and
J 0526−6749 was used as the phase calibrator. The
ALMA pipeline calibrated visibilities were imaged using
CASA task TCLEAN with a channel resolution of 0.4
km s−1. We applied the Briggs weighting with a robust
parameter of 0.5. The achieved rms sensitivities per 0.4
km s−1 channel for HCO+(1− 0) and HCN(1− 0) cubes
are ∼ 10 and 11 mJy beam−1 respectively. The synthe-
sized beam of HCO+(1−0) map is 4.07′′ × 3.11′′ which
translates to a linear size of 0.98 × 0.74 pc2 at the LMC
distance. For HCN(1−0) map, the synthesized beam is
4.13′′ × 3.14′′ which corresponds to 0.99 × 0.75 pc2 in
linear scale.
3. HCO AND HCN EMISSION IN N55
The velocity integrated intensity maps of HCO+(1−0)
and HCN(1−0) emission are shown in Fig 2. These maps
are obtained by integrating the emission line data cubes
along the velocity axis. The maps show the clumpy na-
ture of dense molecular gas in N55-S at parsec scales.
The emission structures are mostly discrete, rather than
nested or filamentary. A visual inspection suggests that
the HCO+(1 − 0) emission from each molecular clump
originates from slightly extended regions as compared
to HCN(1 − 0). This could be due to the higher den-
sities probed by HCN(1 − 0) emission as compared to
HCO+(1 − 0). A similar trend in the spatial distri-
bution of HCO+(1 − 0) and HCN(1 − 0) emission in
molecular clumps has been reported in N105, N 113,
N 159 and N 44 regions (Seale et al. 2012). The positions
of YSOs in the N55-S region identified by Spitzer ob-
servations (Gruendl, & Chu 2009; Chen et al. 2009) are
shown along with HCO+(1−0) and HCN(1−0) clumps
in Fig 2. The YSO positions are near the emission peaks
of the clumps. The 12CO(1− 0) and 13CO(1− 0) maps
of N 55-S (Naslim et al. 2018) is also shown for a com-
parison which is discussed in §5.
4. CLUMP IDENTIFICATION AND
CHARACTERIZATION
We use astrodendro 1 (a python package) to iden-
tify emission structures from the data cube. The al-
gorithm identifies the hierarchical structure of emission
(Rosolowsky et al. 2008). Local maxima are identified
from the data cube each with flux >3σrms and the iso-
surfaces around the maxima are classified as leaves,
branches or trunks. If the iso-surfaces do not have
any sub-structures, they are categorized as leaves. The
largest contiguous structures in the cube are identified
as trunks. The structures intermediate to leaves and
trunks are classified as branches. Thus in a dendro-
gram, leaves do not overlap each other and they are the
smallest emission clumps without sub-structures.
Astrodendro determines the basic parameters of the
identified structures using the bisection method. The
parameters are the velocity and positional centroids,
integrated flux density, velocity dispersion (ie. rms
linewidth σv), rms sizes of the major (σmaj) and mi-
nor (σmin) axes of the clump and the position angle of
the major axis. For Gaussian line profiles, the FWHM
linewidth (∆v) is given by ∆v =
√
8ln(2) σv. The
spherical radius of the clump is R = 1.91σr where
σr =
√
σmajσmin. We use bootstrapping technique to
determine the uncertainties in the derived parameters.
We identify 10 significant molecular clumps in the
HCO+(1−0) and 8 in the HCN(1−0) data cubes. These
are all identified as leaves by astrodendro. The prop-
erties of all these structures are listed in Table 1. For
the resolution of our observations, we can resolve only
clumps of size ≥4 arcsec. This translates to ∼ 1 pc at
the LMC distance. The sizes of identified clumps are
1 − 2.2 pc, except for one clump (clump id = 6) with
size 0.82 pc. The sizes of dense molecular clumps in the
massive star-forming regions of the Milky Way Galaxy is
∼ 0.1−1 pc (Retes-Romero et al. 2017). Given the limit
in our spatial resolution, the smallest detected molecu-
lar structures in the N55-S seem compatible with the
Milky Way clumps.
We present HCO+(1 − 0) emission spectra of all ten
identified clumps of the N55-S in Fig 3. We assert
that all detections are strong with HCO+(1−0) emis-
sion peaks detected with a minimum spectral signal to
noise ratio of 4. We note an additional red-shifted fea-
ture in the spectrum of clump 9, possibly due to any
dynamical activity in this region. The HCN/HCO+ flux
1 http://www.dendrograms.org
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Figure 1. Left panel: The super-giant shell LMC4 in shown on an Hα image (Smith & MCELS Team 1998). The location of N 55 star forming
region is marked. Right panel: The structure of N 55 is shown in Spitzer 8.0µm image (Meixner et al. 2010) which traces the filamentary PAH
emission. The white box indicates the location of N 55-S. The 11 OB stars are labelled in crosses (Olsen et al. 2001).
ratio of the clumps ranges from 0.46 ± 0.17 to 0.78 ±
0.12 (see Table 1), indicating overall weaker HCN flux
in N 55-S compared to HCO+. We use HCO+ as the pri-
mary clump tracer and further investigate various clump
physical properties.
4.1. Clump column density
The molecular column density of the HCO+(1 − 0)
transition at frequency ν is obtained by the assump-
tion of Local Thermodynamic Equilibrium (LTE;
Barnes et al. 2011; Mangum & Shirley 2015)
N =
3h
8 pi3µ2lu
Qrot
gu
exp
(
Eu
kTex
)[
exp
(
hν
kTex
)
− 1
]∫
τνdV
(1)
Here µlu is the electric dipole matrix element which can
be defined as µlu = Sµ
2, where S is the line strength and
µ is the dipole moment. Qrot is the rotational partition
function of the HCO+ molecule,
Qrot ≡ Σigi exp
(
− Ei
kT
)
(2)
where g is the degeneracy of the corresponding rota-
tional level. Eu and gu denote the energy and degener-
acy of the upper molecular level respectively. Tex is the
excitation temperature and
∫
τν dV denotes the optical
depth of the emission line integrated over the velocity
range.
The radiative transfer equation in the Rayleigh-Jeans
limit can be written as
Tp = (Tex − Tbg)(1 − e−τ ) (3)
Here Tp is the peak brightness temperature of the emis-
sion line, and Tbg is the background temperature taken
to be 2.72 K. The excitation temperature (Tex) can be
precisely determined if we have multiple transitions of
HCO+, while our observation is limited to single tran-
sition. The excitation temperature Tex of the cloud can
also be estimated from optically thick 12CO (1−0) tran-
sition. Naslim et al. (2018) determined the excitation
temperature of the N55-S molecular cloud using the
12CO (1−0) transition (see Fig 4 of Naslim et al. 2018).
Their study shows that Tex values of
12CO (1−0) range
from 20 to 40 K in the N55-S. We assume Tex = 30K as
the excitation temperature of the HCO+(1−0) clumps
in the N55-S for further calculations. This value is
consistent with the typical excitation temperature of
molecular gas in massive clumps (Fau´ndez et al. 2004;
Fontani et al. 2005). We obtain the peak optical depth
(τp) from the peak brightness temperature of each clump
using the equation (Barnes et al. 2011)
τp = −ln
[
1− Tp
(Tex − Tbg)
]
(4)
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Figure 2. The velocity integrated intensity maps of HCO+(1− 0) and HCN(1− 0) emission of the N 55-S are shown along with 12CO(1− 0) and
13CO(1 − 0) maps (Naslim et al. 2018) for comparison. The resolution of HCO+(1− 0) and HCN(1 − 0) maps are 4.07 × 3.11 arcsec2 and 4.13 ×
3.14 arcsec2 respectively. The numbers denote the identified clumps and the yellow cross symbols denote the positions of YSOs (Gruendl, & Chu
2009; Chen et al. 2009). The resolution of 12CO(1 − 0) map is 3.53 × 2.32 arcsec2 and that of 13CO(1 − 0) map is 3.28 × 1.89 arcsec2. The
resolution elements are denoted in the bottom right corner of each map.
The peak brightness temperature Tp and optical depth
τp of each clump are tabulated in Table 2. The partition
function Qrot of HCO
+(1−0) transition is 14.4 at Tex =
30K (Rohlfs, & Wilson 2004; Mangum & Shirley 2015).
Substituting for Qrot, and taking
∫
τνdV = τp
∫
φ dV =
τp
√
2piσV, equation 1 can be simplified as (Barnes et al.
2011),
Np = 6.02× 1017τp
√
2piσVm
−2 (5)
Here, we assume the emission line profiles, φ(V ), to
be Gaussian and σV denotes the velocity dispersion of
the line in km s−1. Assuming the relative abundance
of HCO+ to H2 to be X=10
−9 (Garrod et al. 2008;
Loren et al. 1990; Caselli et al. 2002; Lee et al. 2003;
Zinchenko et al. 2009), we derive the column density of
molecular hydrogen (NH2). The estimated values ofNH2
are tabulated in Table 2. Clumps which are truly at a
higher Tex will have lower Np and viceversa. For Tex
= 40 K, the Np values of the clumps are ∼ 28% lower
compared to the values derived for Tex = 30K and ∼
39% higher for Tex = 20K.
4.2. Clump volume density
The H2 volume density (ncol) of each clump can be cal-
culated assuming that the physical depth of the source
is comparable to its projected size (Barnes et al. 2011).
ncol =
√
ln2
pi
Np
RX
(6)
The above equation provides an average volume density
through the clump along the peak of the emission line.
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The derived clump volume densities range from 300± 50
to 4850±1630 cm−3 (Table 2). HCO+(1−0) is expected
to be thermalized at a critical density of ncr ∼ 3 × 105
cm−3 (Barnes, & Crutcher 1990). The HCO+(1−0) line
emission towards all the clumps in our sample is excited
well below the critical density.
4.3. Mass surface density
We estimate the total mass surface density (Σp) of
molecular clumps using the HCO+(1−0) column densi-
ties (Barnes et al. 2011)
Σp =
(
Np
X
)
(µmolmH) (7)
where µmol is the mean molecular weight in the gas
which is taken to be 2.3 (Barnes et al. 2011). The cal-
culated mass-surface density of all identified clumps of
N 55-S are given in Table 2. The values of mass-surface
density vary from 29 ± 4 to 290 ± 41 M⊙ pc−2.
4.4. Mass of molecular clumps
The masses of molecular clumps (MLTE) are calcu-
lated from the derived HCO+(1 − 0) column densities
under the LTE assumption.
MLTE =
Np
X
(µmolmH)piR
2 (8)
We also determine the clump virial masses (Larson 1981;
Solomon et al. 1987; Saito et al. 2006; Wong et al. 2006;
Muller et al. 2010) using the equation,
Mvir = 125M⊙
(5− 2β)
(3 − β) ∆v
2R (9)
This equation is based on the assumption that clumps
are spherical in shape with a radial power-law density
profile of index β. we assume β = 1 (van der Tak et al.
2000). R is the clump radius in parsec and ∆v is the
FWHM of the emission line in km s−1. The MLTE and
Mvir masses of the clumps, as well as the virial param-
eter, α = Mvir/MLTE , are tabulated in Table 2.
5. PHYSICAL PROPERTIES OF DENSE
MOLECULAR GAS
We investigate the physical properties of the dense
molecular clumps of N 55-S in the LMC, traced by
ALMA observations of HCO+(1 − 0) and HCN(1 − 0)
emission. In Fig 2, we compare the velocity inte-
grated intensity maps of 12CO(1 − 0) and 13CO(1 − 0)
(Naslim et al. 2018) with HCO+(1− 0) and HCN(1− 0)
of the N 55-S region. The spatial distribution of the
emission from all four molecular transitions are broadly
similar. The maximum intensity in all four emission
maps comes from clumps 2 and 3. The 13CO(1 − 0),
HCO+(1−0) and HCN(1−0) emission are not detected
in regions of weak 12CO(1 − 0) emission. It is evident
that 12CO(1 − 0) emission is more widely spread com-
pared to 13CO(1 − 0), HCO+(1 − 0) and HCN(1 − 0).
The distribution of the HCO+(1 − 0) and HCN(1 − 0)
emission is most compact. The projected spatial dis-
tribution of emission from multiple species reflects the
density structure of the molecular clumps from surface
to the interior.
5.1. Dense gas fraction
We estimate the H2 mass traced by
12CO(1 − 0)
(Naslim et al. 2018) luminosities (LCO) from the N55-S
region using the equation (Wong et al. 2011).
MH2 [M⊙] = 4.4
XCO
2.2× 1020 cm−2(K km s−1)LCO(K km s
−1 pc2)
(10)
HereXCO denotes the CO-to-H2 conversion factor which
has a Galactic value, XCO=2×1020 cm−2 K−1 km−1
s (Strong et al. 1988; Bolatto et al. 2013). Both the-
oretical and observational studies suggest that XCO
value increases with decreasing metallicity. However,
a Galactic value can be approximated for environments
with metallicities down to ∼0.5Z⊙ (Leroy et al. 2011;
Bolatto et al. 2013; Pineda et al. 2017). Hence we use
XCO=2×1020 cm−2 K−1 km−1 s in our calculation.
Naslim et al. (2018) report a 30% missing flux in the
ALMA 12CO(1-0) emission maps. Accounting for this,
the total H2 mass traced by
12CO(1−0) is (2.59 ± 0.01)
× 104 M⊙. The total H2 mass traced by HCO+(1−0) is
∼ (0.70 ± 0.10) × 103 M⊙ (sum of MLTE/µmol in Table
2). Thus the dense gas fraction in the N55-S region is
0.025±0.005. A higher value of XCO = 4×1020 cm−2
K−1 km−1 s (Hughes et al. 2010) will further decrease
the dense gas fraction to 0.013.
5.2. Low volume densities of dense gas clumps
The volume densities of ten identified clumps are
in a range (0.30 − 4.85)×103 cm−3 (Table 2). Since
HCO+(1 − 0) has a relatively high critical density ∼
3 × 105 cm−3 (Barnes, & Crutcher 1990), we would ex-
pect the bulk of HCO+(1− 0) luminosity to originate in
thermalized star-forming cores. However, all ten HCO+
clumps in our samples show volume densities well be-
low the expected critical density. We note that similar
low volume densities are reported for Milky Way clouds
from HCO+(1 − 0) emission (Barnes et al. 2011). The
authors report that 95% of all massive clumps emit well
below the critical density. A study of HCO+(1−0) emis-
sion from multiple clouds of the LMC also suggests that
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Table 1. Details of the clumps identified by astrodendro
ID RA Dec R σv FHCN/ YSO
No (deg) (deg) (pc) (km s−1) FHCO+ association
1 83.1406 -66.4551 0.56±0.14 0.43±0.10 0.78±0.12 No
2 83.1374 -66.4523 0.49±0.15 0.86±0.12 0.60±0.08 Yes
3 83.1343 -66.4541 0.48±0.19 0.67±0.13 0.77±0.15 Yes
4 83.1560 -66.4450 1.11±0.07 0.62±0.05 0.58±0.07 No
5 83.1385 -66.4617 0.68±0.12 0.53±0.09 0.51±0.09 No
6 83.1244 -66.4557 0.41±0.19 0.48±0.19 0.46±0.17 No
7 83.0933 -66.4601 0.79±0.10 0.94±0.07 0.54±0.12 Yes
8 83.0955 -66.4526 1.12±0.07 1.02±0.04 0.53±0.08 Yes
9 83.1347 -66.4592 0.85±0.11 0.62±0.07 – No
10 83.0821 -66.4490 0.79±0.10 0.54±0.08 – No
Note—R and σv denotes the radius and velocity dispersion of each clump
derived from astrodendro. FHCO+ and FHCN are the flux densities of
HCO+(1−0) and HCN(1−0) clumps respectively.
Table 2. Properties of HCO+(1−0) clumps.
ID ∆v Tp τp Mvir NH2 MLTE Σp ncol α
No (kms−1) (K) - (×102M⊙) (×10
21cm−2) (×102M⊙) (×10
2M⊙ pc
−2) (×103cm−3) (Mvir/MLTE)
1 1.01±0.24 2.75 0.10 1.07 ±0.57 6.85 ± 1.66 1.24 ± 0.67 1.26 ± 0.31 1.87 ± 0.64 0.86 ± 0.66
2 2.03±0.29 3.10 0.12 3.82 ±1.59 15.71± 2.22 2.22 ± 1.39 2.90 ± 0.41 4.85 ± 1.63 1.73 ± 1.30
3 1.58±0.30 3.46 0.13 2.26 ±1.22 13.76± 2.61 1.84 ± 1.46 2.54 ± 0.48 4.36 ± 1.87 1.23 ± 1.18
4 1.45±0.12 0.71 0.03 4.35 ±0.79 2.43 ± 0.21 1.72 ± 0.27 0.45 ± 0.04 0.33 ± 0.03 2.53 ± 0.61
5 1.26±0.20 1.52 0.06 2.03 ±0.74 4.62 ± 0.75 1.25 ± 0.48 0.85 ± 0.14 1.03 ± 0.24 1.62 ± 0.85
6 1.12±0.45 1.66 0.06 0.96 ±0.90 4.51 ± 1.82 0.43 ± 0.45 0.83 ± 0.33 1.69 ± 1.05 2.22 ± 3.11
7 2.20±0.16 0.75 0.03 7.20 ±1.39 3.95 ± 0.28 1.43 ± 0.38 0.73 ± 0.05 0.76 ± 0.11 5.04 ± 1.66
8 2.40±0.10 1.02 0.04 12.16±1.29 5.86 ± 0.24 4.29 ± 0.59 1.08 ± 0.04 0.79 ± 0.06 2.84 ± 0.49
9 1.46±0.17 0.66 0.02 3.43 ±0.92 2.30 ± 0.27 0.97 ± 0.27 0.42 ± 0.05 0.41 ± 0.07 3.53 ± 1.37
10 1.26±0.19 0.52 0.02 2.36 ±0.76 1.57 ± 0.23 0.56 ± 0.16 0.29 ± 0.04 0.30 ± 0.05 4.19 ± 1.82
Note—∆v denotes the FWHM of the HCO+(1-0) emission line. Tp is the peak brightness temperature and τp is the
corresponding optical depth. Mvir denotes the virial masses of each clump. NH2 denotes the column density of molecular
hydrogen in each clump which is related to HCO+ column density (Np) as NH2 = Np × 10
9. MLTE and Σp denotes the LTE
masses and the total mass surface density of each clump respectively. ncol denotes volume number density of molecular
hydrogen in each clump and α represents the virial ratio defined as Mvir/MLTE. The values are estimated assuming Tex =
30 K. The uncertainties due to the assumption of Tex described in 4.1 are not included in the errors here.
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Figure 3. The HCO+(1 − 0) emission spectra of 10 molecular clumps of the N 55-S. We note an additional red-shifted feature in the spectrum
of clump 9, possibly due to any dynamical activity in this region.
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the majority of the clumps have volume densities2 well
below the critical density of J = 1− 0 line (Seale et al.
2012).
This could happen if HCO+(1 − 0) is sub-thermally
excited and not thermalized to the local H2 gas. Signif-
icant HCO+(1− 0) emission can arise at densities lower
than the critical density of the line (Evans 1999; Shirley
2015; Kauffmann, et al. 2017). Another possibility is a
severe underestimation of optical depth of the emission
line due to small beam filling factor. The clump mass
can be calculated assuming that the clump volume con-
tains gas at the critical density of the HCO+(1 − 0)
transition (Barnes et al. 2011).
M = 5.3× f
( ncr
1011m−3
)( R
pc
)3
(11)
Here ncr denotes the critical density of HCO
+(1 − 0)
and f denotes the beam filling factor. Comparing the
above derived mass with the cloud mass derived from
LTE analysis yields f = (0.001 − 0.01) for the clumps
in our sample. This low beam filling factor could result
from a highly clumpy structure of molecular clouds or if
the clumps are not well resolved.
5.3. Mvir versus MLTE
The virial and LTE masses of N 55-S clumps are
(0.96−12.16)×102M⊙ and (0.43−4.29)×102M⊙ respec-
tively (see Fig 4A). In order to examine whether these
clumps are gravitationally bound, we inspect the virial
parameter; α=Mvir/MLTE (Fig 4B). The average value
of virial parameter is 2.6±1.2. A few isolated clumps
such as 4, 6, 7, 8, 9 and 10 are not likely to be grav-
itationally bound. The relatively high value of virial
parameter could be due to an underestimation of MLTE
in these region or due to dynamical impact of star for-
mation.
5.4. size-linewidth relation
The size and linewidth of HCO+(1−0) clumps follow a
power-law, ∆v ∝ R0.65±0.32 (Fig 4C). The size-linewidth
relation of 12CO(1− 0) clumps of the N55 is ∆v ∝ R0.4
(Naslim et al. 2018). The size-linewidth power-law in-
dex is found to be in the range 0.46 − 0.78 for several
dense gas tracers in the central molecular zone (CMZ)
of the Milky Way (Shetty et al. 2012). The slope is
found to be 0.6 in extragalactic clouds (Bolatto et al.
2008) and 0.5 in Milky Way clouds (Heyer et al. 2009).
Thus the size-linewidth power-law index of HCO+(1−0)
2 We computed the volume densities from the MLTE and R
values from Table 2 of (Seale et al. 2012).
clumps of the N55-S is consistent with the CMZ, extra-
galactic, and the Milky Way clouds.
6. CLUMP ASSOCIATION WITH YSOS
There exist extensive catalogues of YSOs in the LMC
due to its proximity and the ability to observe the
entire galaxy (Whitney et al. 2008; Gruendl, & Chu
2009; Indebetouw et al. 2004; Chen et al. 2009, 2010;
Ellingsen et al. 2010). This gives the advantage of posi-
tional matching the YSOs with dense molecular clumps
to study star formation and the associated dense gas.
In Fig 2, we mark the position of YSOs in the N55-S
(Gruendl, & Chu 2009; Chen et al. 2009) on top of the
velocity integrated intensity maps of HCO+(1 − 0) and
HCN(1−0). All 4 identified YSOs in the N 55-S are near
the HCO+(1− 0) and HCN(1− 0) emission peaks (near
clumps 2, 3, 7 and 8). The positional offset between
the emission peak and YSO position is 1.16, 1.21, 0.43
and 1.69 arcsec for clump 2, 3, 7, and 8 respectively. If
the YSOs are randomly distributed, the probability of
a YSO locating within 2 arcsec of an emission peak is
only 0.04% . However, all 4 of the identified YSOs are
near the emission peaks indicating their positions are
not from a random distribution and are related to the
dense molecular clumps. The young stars form in the
densest cores of the molecular clouds (Krumholz et al.
2010). The YSOs that are at significant offset from the
emission peak of the molecular clumps are expected to
be slightly evolved than those at the core. This hy-
pothesis is observationally supported by the detection
of maser emission (sign of early phase of YSO evolution)
in 80% of YSOs located close to the emission peaks of
molecular clouds (Seale et al. 2012). Thus the YSOs
associated to clump 2, 3, 7, and 8 in the N55-S are
likely to be early in their evolutionary stage.
Gruendl, & Chu (2009) suggest that the 8µm magni-
tude of YSOs can be treated as a good proxy of the
YSO mass based on the radiation transfer models on
the spectral energy distribution (SED) of various YSOs.
The YSOs with 8µm magnitude brighter than [8.0] are
classified as massive YSOs. The infrared SED fitting of
various YSOs in the N44, and N159 shows YSO mass
of 8−15 M⊙ for 8µm magnitudes ∼ [8.76], [8.94], [8.24].
The masses are ∼ 5-10 M⊙ for 8µm magnitude ∼ [10.17]
(Table 7 of Chen et al. 2009). The 8µm magnitudes of
the YSOs associated with clumps 2, 3, 7, and 8 in the
N 55-S are ∼ [8.24], [7.27], [10.19] and [8.76] respectively
(Gruendl, & Chu 2009). Thus the YSOs associated to
clump 2, 3, and 8 are likely to be massive (8−15 M⊙)
and associated to clump 7 could be of mass ∼ (5-10)
M⊙.
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Figure 4. (A) Virial versus LTE masses plot of HCO+(1−0) molecular clumps in N 55-S (this work) along with clumps in other LMC GMCs N105,
N 113, N 159, N 44 (Seale et al. 2012) and 30Doradus-10 (Anderson et al. 2014). (B) MLTE versus virial parameter (α) for the N 55-S HCO
+(1− 0)
clumps together with other GMCs of the LMC (Seale et al. 2012; Anderson et al. 2014). (C) The size versus linewidth relation for HCO+(1 − 0)
clumps (red circles) in N 55-S clumps fitted with a power-law, ∆v ∝ R0.65±0.32 (red dotted line). The R and ∆v values of HCO+(1− 0) clumps in
other GMCs of the LMC (Seale et al. 2012; Anderson et al. 2014) are shown for comparison. The closed cicles denote the clumps with associated
YSOs and the open circles denote those without YSOs in panels A, B, and C. (D) The total molecular gas mass traced by HCO+(1−0) under the
assumption of LTE versus the dense gas mass fraction for N 55-S and other GMCs of the LMC (Seale et al. 2012; Anderson et al. 2014).
We compare the physical properties of the clumps in
light of the presence/absence of YSOs. The molecu-
lar clumps with YSOs in our sample are relatively mas-
sive than those without YSOs. The average mass of
the YSO-associated clumps is 245 ± 96 M⊙ whereas
the average mass of clumps without YSOs is ∼ 103 ±
39 M⊙. Similar lines of observational evidence are re-
ported for various regions of the LMC (Seale et al. 2012;
Naslim et al. 2018) and for the Milky Way molecular
clumps (Hill et al. 2005). The clumps with mass-surface
densities ≥ 73M⊙ pc−2 shows YSO association in N55-
S. The mass surface density threshold of clumps for mas-
sive star formation is ∼ 501 M⊙ pc−2 and 794 M⊙ pc−2
for N 159W and N159E respectively (Nayak et al. 2018).
The star formation threshold for 30-Doradus is ∼ 670
M⊙ pc
−2 (Nayak et al. 2016). Thus the mass density
threshold of N 159 and 30-Doradus is (6-10) times higher
compared to N55-S. This could be due to the relatively
less extreme star-forming environment of N 55-S. The
stronger radiation field in the N159 and 30-Doradus is
possibly preventing massive star formation at low mass
surface density in these regions.
We also find the velocity widths of YSO-bearing
clumps to be systematically larger than those of non-
YSO associated clumps. The velocity widths of YSO
associated clumps are ∆v = 1.6 − 2.4 km s−1 whereas
the clumps without YSOs, ∆v = 1.0− 1.5 km s−1. The
larger linewidths could be indicative of turbulence due to
YSO activity, indicating that YSOs affect the properties
of dense molecular clumps. These results are consistent
with the 13CO(1− 0) and 12CO(1− 0) study of the N55
region (Naslim et al. 2018). Similar results are reported
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for 12CO(2−1) study of 30Doradus (Nayak et al. 2016),
12CO/13CO observations of N 159W/E (Fukui et al.
2019; Tokuda et al. 2019) and HCO+(1−0) study of
several GMCs of the LMC (Seale et al. 2012).
7. COMPARISON OF N55 CLUMP PROPERTIES
WITH OTHER LMC CLOUDS
Seale et al. (2012) studied molecular clumps of differ-
ent star forming GMCs of the LMC (N 159, N 105A,
N 44, and N113) using dense gas tracers HCO+(1−0)
and HCN(1−0). The authors used ATCA observations
with a spatial resolution of ∼ 6×7 arcsec2 (∼ 1.4×1.7
pc2 in linear scale) and a spectral resolution of ∼ 0.2
km s−1 (for N 105 and N113); 0.4 km s−1 (N 159 and
N44). A similar study of dense gas tracers at same spa-
tial resolution was carried out by Anderson et al. (2014)
in the 30Doradus-10 with a spectral resolution of 0.84
km s−1. We examine the molecular clump properties
such as size, linewidth, mass and dense gas fraction of
N 55-S region in comparison to other GMCs of the LMC
in Fig 4.
The size of clumps in N55-S is comparable to the
clumps of other GMCs (see Fig 4C). However, the
linewidths of the N55-S clumps are slightly small com-
pared to other regions of the LMC (Anderson et al.
2014; Seale et al. 2012). The small linewidths could be
indicative of relatively less energetic environmental con-
ditions in the N55-S. We compare the clump masses
(both virial and LTE) of N 55-S with other star forming
regions of the LMC (Seale et al. 2012) in Fig 4A. The
Mvir and MLTE derived for N 55-S clumps are system-
atically lower than other regions of the LMC. A few of
the dense molecular clumps of N 55-S are likely not in
gravitational equilibrium.
The molecular gas mass traced by the HCO+(1−0)
clumps versus dense gas fraction for N 55-S and other
GMCs (Seale et al. 2012; Anderson et al. 2014) in the
LMC are shown in Fig 4D. The dense gas fraction of
N 55-S is 0.025±0.005, smaller than the fraction seen
in other GMCs; 0.1−0.24. Dense gas fraction is cru-
cial for massive star formation and is directly propor-
tional to the star formation efficiency within a GMC
(Krumholz et al. 2012; Lada et al. 2012). This sug-
gests that N 55-S has lower star formation efficiencies
compared to other GMCs of the LMC. However, we
note that different dynamical environments of galax-
ies and stellar feedback play crucial role in setting
massive star formation efficiency (Querejeta et al. 2019;
Ochsendorf et al. 2017).
The HCN/HCO+ flux ratio of molecular clumps in the
N55-S range from 0.46 ± 0.17 to 0.78 ± 0.12. HCN and
HCO+ molecules possess similar rotational constants
and electric dipole moments. Hence the higher flux ratio
can be attributed to the relative abundance. However
we note that a strong UV radiation field due to high
star formation activity can enhance the HCO+ abun-
dance in active star forming regions (Meijerink et al.
2011; Bayet et al. 2011).The HCN/HCO+ flux ratio is
found to be (0.1−0.5) for various LMC clouds (N 105,
N 113, N 159, and N44) by Seale et al. (2012) and ∼
0.2 for 30Doradus-10 by Anderson et al. (2014) at sim-
ilar spatial resolution. Thus N55-S clumps possess rel-
atively high flux ratio compared to other GMCs in the
LMC possibly due to the low radiation field compared
to other GMCs.
There exist HCN/HCO+ flux ratio measurements
of various LMC clouds using single dish observations
in the literature (Nishimura et al. 2016; Chin et al.
1997). These authors report the flux ratios in the
range (0.5−0.7) for various molecular clouds of the LMC
(N 113, N 44BC, N159HW, N214DE, N159W). These
numbers are slightly higher than their respective val-
ues at high spatial resolution (parsec scale; Seale et al.
2012; Anderson et al. 2014) as mentioned above. The
flux ratio from single dish observations reflect the chemi-
cal composition pattern averaged over a molecular cloud
scale of 10−14 pc where the effect of local star formation
activity is smeared out. The parsec scale observations
probe individual dense star forming clumps and need
not be same with the flux ratio averaged over 10−14 pc.
The higher HCN/HCO+ ratios with single-dish data im-
ply that the variation in abundance has a greater impact
on the ratio than in density.
8. SUMMARY
We present high spatial resolution observations of
HCO+(1−0) and HCN(1−0) of the N55-S region in the
LMC. We aim to compare the the dense molecular clump
properties of the N55-S with other active star forming
regions (N 159 and 30-Doradus) in order to understand
the effect of different feedback environment on dense
molecular clumps. We detect prominent HCO+(1 − 0)
emission from 10 clumps and HCN(1− 0) emission from
8 clumps. Our main results are the following:
1. The column density of H2 gas traced by HCO
+(1−
0) emission in N55-S clumps are in the range
NH2 ∼ (0.2−1.6)× 1022 cm−2. The LTE mass and
mass-surface density of the clumps are in the range
MLTE ∼ (0.4−4.3)×102 M⊙ and Σp ∼ (0.3− 2.9)
× 102 M⊙ pc−2 respectively.
2. The volume density of H2 gas is in the range ncol ∼
(0.3 − 4.9) × 103 cm−3; less than critical den-
sity of HCO+(1− 0) emission line suggesting that
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the clouds are either sub-thermally excited or have
very small beam filling factors.
3. The size-linewidth relation of HCO+(1−0) clumps
follow a power-law with index 0.65 ± 0.32, sim-
ilar to CMZ, several extragalactic and Galactic
clouds which is consistent with the 12CO clumps
(Naslim et al. 2018).
4. All four identified YSOs in the N55-S region are in
the vicinity of HCO+(1−0) and HCN(1−0) emis-
sion peaks indicating the association of these dense
clumps with recent star formation. The YSO as-
sociated clumps have relatively larger linewidths
and masses compared to those without YSOs.
5. The total H2 mass traced by
12CO(1−0) and
HCO+(1−0) in the N55-S region is 2.59 × 104
M⊙, and 0.70 × 103 M⊙ respectively, indicat-
ing a dense gas fraction of 0.025±0.005. The
dense gas fraction of N 55-S is lower compared to
other GMCs (N 105, N 113, N 159, N 44, and 30-
Doradus) of the LMC indicating a relatively lower
SFE.
6. The HCN/HCO+ flux ratio of N 55-S is in the
range 0.46 ± 0.17 to 0.78 ± 0.12, slightly higher
than the ratio (0.1 − 0.5) seen in other GMCs
like N 105, N 113, N 159, N 44, and 30-Doradus
(Seale et al. 2012; Anderson et al. 2014). We in-
terpret this to be an effect of relatively low radia-
tion field and star formation activity in the N55-S.
7. The N55-S clumps possess systematically lower
linewidths compared to other GMCs of the LMC
(Seale et al. 2012; Anderson et al. 2014). We
also note that the YSO associated clumps of
N 55-S show mass-surface density ≥ 73 M⊙ pc−2
which is (6-10) times lower compared to N159
(Nayak et al. 2018) and 30-Doradus (Nayak et al.
2016).
Our study of the dense molecular clumps in N55-S
suggests that YSOs can significantly affect the prop-
erties of dense molecular clumps by increasing the
linewidths of molecular emission. Compared to other
GMCs in the LMC, the dense molecular clumps of N 55-
S show smaller linewidths, lower dense gas fraction,
larger HCN/HCO+, and smaller threshold of mass sur-
face density with YSOs indicating relatively less active
star formation.
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